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Brain song control regions of adult passerine birds are sexually dimorphic in species
such as the zebra finch (Taeniopygia guttata) in which males sing whereas females do
not. In many tropical bird species, however, females sing as well. Here we study for
the first time the ontogeny of the song control system and the song in a species in
which both male and female sing regularly. In blue-capped cordon-bleus (Uraeginthus
cyanocephalus), a distant relative of the zebra finch, both males and females start singing
at around 30–40 day post-hatching (dph). First we quantified that sex-specific differences
in song features emerged only in adulthood, after 250 dph of age: Adult females sang
complex songs, which were slightly shorter and contained fewer syllables as compared
to the males. Second, the development of forebrain song control regions HVC (proper
name) and RA (nucleus robustus arcopallii) of blue-capped cordon-bleus was quantified
in both sexes at 20, 30, 50, 100, 150, 250 dph as well as in old adults. The volume
and neuron numbers of the HVC and RA were sexually dimorphic throughout the entire
development and remained sexually dimorphic in adulthood. Since singing developed in
a non sex-specific way until 250 dph, neural sex differences to a large extent precede
the behaviorally (song) sex differences. This suggests that these neuroanatomical sex
differences are not causally related to the sexual differentiation of song patterns in this
species.
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INTRODUCTION
A frequently used argument to suggest that female songbirds are not capable of singing or sing
only simple songs is that the neuroanatomy of the forebrain song control areas (collectively called
the song system) is sexually dimorphic (Nottebohm and Arnold, 1976; DeVoogd and Nottebohm,
1981; Brenowitz and Arnold, 1986; DeVoogd et al., 1993; Gahr et al., 1998; MacDougall-Shackelton
and Ball, 1999). In particular, song control areas such as HVC (letter based name) and RA
(nucleus robustus archopallii) are much smaller and contain much fewer neurons in the adult
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female than in the adult males of all songbird species studied so
far (Gurney, 1981; Konishi and Akutagawa, 1985; Gahr et al.,
1998, 2008; Jawor and MacDougall-Shackleton, 2008; Schwabl
et al., 2015). The HVC of the descending song production
pathway of the song system is a sensorimotor integration area
implicated in controlling the temporal dynamics of adult song
and the motor-cortical RA controls the temporal-spectral details
of the sounds (Yu and Margoliash, 1996; Hahnloser et al.,
2002; Amador et al., 2013). The prime example of this sexual
dimorphism of the song control system and singing is the zebra
finch, in which stark neuroanatomical sex differences correlate
with the lack of singing of adult females (Nottebohm and Arnold,
1976), even after testosterone treatment, a paradigm that induces
singing in males of all species tested (for review Gahr, 2014).
This neuroanatomical sex-difference of zebra finches emerges
during ontogeny due to genetic and endocrine mechanisms
(Gurney and Konishi, 1980; Wade and Arnold, 1996; Gahr and
Metzdorf, 1999; Holloway and Clayton, 2001; Agate et al., 2003).
In particular, the strong increase in sex differences of song control
areas around the time when first song precursors are uttered by
male zebra finches is thought to reflect the song development
in males and the lack of song capacity of females (Konishi and
Akutagawa, 1985). Likewise, in the canary (Serinus canaria), the
other songbird species in which the development of the song
system has been studied in detail, the neuroanatomy of the
song system diverges strongly between males and females during
ontogeny (Gahr et al., 1997). In adulthood, female canaries sing
only occasionally and if at all, generally with few unstructured
songs compared to adult males (Pesch and Güttinger, 1985).
Female canary song can be activated by testosterone (e.g.,
Shoemaker, 1939; Hartley and Suthers, 1990; Hartog et al., 2009).
This potential to sing correlates with the differentiation of their
song control areas, which is relatively smaller as compared to
canary males but relatively larger as compared to female zebra
finches (Nottebohm and Arnold, 1976; Nottebohm, 1980).
However, these observations of sexually dimorphic song
system differentiation are in strong contrast with the report
that female singing is the rule but not the exception among
songbird species (for reviews: Slater andMann, 2004; Riebel et al.,
2005; Garamszegi et al., 2006; Gahr, 2014; Odom et al., 2014).
Previously, it was thought that females of only some species
sing (e.g., Beletsky, 1983; Gahr and Güttinger, 1985; Hoelzel,
1986; Langmore et al., 1996; Yamaguchi, 2001). One reason for
this discrepancy might be that song system development was
never studied in a species in which females sing regularly. To
this end, we studied both the song system development and
the song development in a songbird species, the blue-capped
cordon-blue (Uraeginthus cyanocephalus) in which males and
females sing frequently both during ontogeny and in adulthood
(Geberzahn and Gahr, 2011, 2013). Previous studies showed
that male and female cordon-bleus learn parts of their song
from both adult male and female tutors (Geberzahn and Gahr,
2013), with the adult female song being slightly shorter and
less diversified than the male song (Geberzahn and Gahr, 2011).
Here we quantify the song development of female and male
cordon-bleus from juvenile age until adulthood, focusing on
song parameters that were indicated previously to differ between
adult males and females. In zebra finches song development
ends with reproductive maturation at around 100 days post-
hatching (dph) (Immelmann, 1969). Since reproductive activities
of cordon-bleus start around 6–8 month (i.e., about 250 dph) we
analyzed the song development till 250 dph (young adults) in
detail. This was paralleled with the study of the developing song
system neuroanatomy, in particular the volume of HVC and RA
as well as their respective neuron numbers. Thus, our integrative
study of the song system and song development of male and
female cordon bleus should inform about the interrelationship
between the neural and the behaviorally song phenotype during
ontogeny.
MATERIALS AND METHODS
Animals
Blue-capped cordon-bleus (Uraeginthus cyanocephalus)
originated from the breeding colony of the Max-Planck
Institute for Ornithology in Seewiesen, Germany. Birds were
kept on a 14:10 light:dark schedule (lights on 07:00–21:00 Central
European time) at 22◦C and ca. 50% humidity and received
water and food ad libitum. From nutritional independence
onwards, birds were kept in small social groups in cages till
250 dph. Therefore, juveniles experienced a normal social
environment between hatching and 250 dph. Afterwards, birds
were moved to same sex aviaries until they were paired and given
the opportunity to breed. Adults used in this study were paired,
and in breeding condition at recording or when sacrificed for
neuroanatomical analysis. These adults were about 4–5 years
old (mean ± SD, minimum: males: 1642 ± 194, 1220 days;
females: 1560 ± 221, 1395 days). All experimental procedures
were conducted in accordance with German National Laws and
approved by the Government of Upper Bavaria.
The study of song development was conducted with a cohort
of 10 males and 10 females. Juveniles were recorded around 50,
100, 150, and 250 dph as well as at the age of about 4–5 years.
The neuroanatomical study was conducted with a second cohort
of blue-capped cordon-bleus. We included the following age-
groups: 20 dph (n = 6 males and n = 7 females), 30 dph (n = 5
males and n = 5 females), 50 dph (n = 5 males and n = 5
females), 100 dph (n = 5 males and n = 5 females), 150 dph
(n = 4 males and n = 4 females), 250 dph (n = 3 males and
n = 3 females), adults (n = 7 males and n = 7 females). The
HVC volume of one 20 dph female could not be analyzed due to
damage of the brain surface.
Song Recording and Analysis
In order to obtain song that can be traced back unequivocally to
a given subject, each bird was transferred temporarily to a sound-
attenuating chamber where song recordings were made following
procedures described in Geberzahn andGahr (2011) using Sound
Analysis Pro (SAP) software (Version 2.062) at a sampling rate of
44 kHz and 16-bit resolution (Tchernichovski et al., 2004; freely
available at http://soundanalysispro.com). Thus, we recorded
so-called undirected songs.
For analysis, we considered the first 50 song-like vocalizations
that a subject produced after being moved to the recording
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chamber. Then, the following parameters, previously found
to be sexually dimorphic in adult blue-capped cordon-bleus
(Geberzahn and Gahr, 2011) were measured: the song duration,
the syllable repertoire and the coefficient of variation (CV =
SD/mean) of pitch goodness. The latter is described as the
harmonicity of the sound and its CV indicates the degree of
stereotypy of the harmonicity of a syllable. Songs were defined
as sequence of at least three different syllables with pauses
shorter than 600ms. For each song, syllables were automatically
delineated using a constant threshold for amplitude (23 dB) and
entropy (–2.1) in the features batch window of SAP as described
previously (Geberzahn and Gahr, 2011). In a next step, we
printed images of spectral derivatives using SAP. Based on these
images and the automatic delineation of syllables we visually
compared song-like renditions of a given subject and labeled the
same syllables with the same number according to their overall
spectral-temporal appearance. This allowed us to determine
the repertoire size of syllable types for each subject. Blue-
capped cordon-bleus usually start a song with a variable number
of introductory syllables, which were labeled as introductory
syllables and not further categorized. We excluded introductory
syllables from all further analysis.
The features batch procedure of SAP provided us with
parameter tables for all syllables andwemanually added a column
with the “syllable repertoire” that resulted from visual inspection
(see above). From these parameter tables we extracted the pitch
goodness (mean, SD and CV). We calculated the coefficient
of variation (CV = SD/mean) of pitch goodness of the four
most frequent syllables similar to previous works (Geberzahn
and Gahr, 2011). For those syllables we selected the first 20
renditions that occurred in the analyzed songs. For between-
subjects comparisons, we chose the CV for the syllable with
the lowest CV for each subject, i.e., the syllable with the lowest
variability from rendition to rendition (minimum CV of pitch
goodness per subject).
Histology
When the birds of the neuroanatomical cohort reached the ages
of interest for this study (see above), they were decapitated, brains
were extracted, immediately frozen in dry ice and then stored
at −80◦C until sectioning. The frozen brains (right hemisphere
only) were cut on a cryostat (JUNG CM 3000 LEICA) into
20µm sagittal sections and mounted onto Fisher Superfrost Plus
slides. Sections were mounted onto five different sets of slides so
that adjacent sections could be analyzed by different methods.
After drying overnight, one series of sections (i.e., every fifth
slide) was rehydrated, Nissl-stained with 0.1% Thionin (Sigma),
dehydrated, immersed in xylene and cover-slipped with Roti-
histokit II mounting medium. The other series of sections were
stored at −80◦C until use. We performed the measurements
of the Nissl-stained HVC and RA areas (unilateral), delineated
based on their cytoarchitecture, using the built-in cursor and
measurement tools in Image J software (NHI, National Health
Institute, USA). All brains were coded so that the delineations
made by the observers were blind to the sex and age of the
sections they measured. The RA and HVC volume, respectively,
was calculated by summing the areas, multiplied by section
thickness, and multiplied by 5 (sampling interval).
Immunohistochemistry
In order to estimate the number of neurons in HVC and RA
of 20, 100 dph, and adult males and females, we performed
immunohistochemistry with antibodies against the neuron-
specific RNA-binding protein HuC/D (mouse monoclonal, clone
16A11; Molecular Probes, Eugene, OR). This antibody has
previously been successfully used to label neurons in a broad
range of species including songbirds (e.g., Marusich et al., 1994;
Barami et al., 1995; Vellema et al., 2010), and has been shown to
recognize a 40-kDa band on Western blots of extracts of human
neurons, as well as mouse and avian brains (Marusich et al.,
1994).
We immunostained one series of slides of each brain, i.e.,
every fifth section. After defrosting and drying, sections were
fixed for 40min in a 4% formaldehyde solution and then
washed one time in phosphate-buffered saline (PBS) and three
times in PBS containing 0.1% Triton X-100 (PBT) for 5min
each on a rotating shaker. Following that, the sections were
incubated overnight at room temperature in PBT, containing
0.02% NaN3, 10% horse serum (AbD Serotec, Oxford, UK),
and primary antibodies against HUC/D (2.5µg/ml). After three
washes in PBT, sections were incubated in Alexa Fluor 555-
conjugated donkey anti-mouse secondary antibodies (1:500;
Molecular probes) for 1 h at room temperature. After another two
PBT rinses, brain sections were DAPI stained for 5min, washed
in PBT, and embedded in Vectashield (Vector Laboratories,
Burlingame, CA) to prevent photo bleaching and cover slipped.
The slides were stored horizontally at 4◦C until microscope
analysis.
Neuron Quantification
Brain sections were examined with a Leica DM6000B digital
fluorescence microscope (Leica Microsystems) equipped with a
Leica DFC420 5 megapixel CCD digital color camera. DAPI and
Cy3 filter cubes were used to visualize DAPI and the Alexa-
555 antibody, respectively. The resulting photomicrographs were
merged and adjusted for color, brightness and contrast with
Photoshop CS2 (Adobe Systems Inc., San Jose, CA) to create
multicolor images.
The number of Hu-positive cells in HVC and RA were
manually counted under the microscope in three randomly
selected brain sections from each bird. A counting grid was
projected onto HVC and RA, and three random counting frames
of 0.01µm2 were chosen for each brain section to estimate the
neuron density in the areas of interest. The Hu-positive cell
counts were performed using a 20× magnification and cells
were included if the nuclei of Hu-labeled cells were located
inside the counting frame, including cells that traverse the
upper and right border, but excluding the cells that traverse
the lower and left border of the counting frame. Additionally,
to minimize cell count overestimation due to split cells on the
counting plane, only cells of which the entire nucleus could be
brought in focus within the 20-µm z-stack were included in the
counts. Total neuron numbers for HVC and RA were obtained
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by multiplying the neuron density estimates with the obtained
volume measurements from the Nissl-stains.
Statistical Analyses
We performed all statistical analyses with the JMP v. 10.0
software (2012, SAS Institute Inc.). To examine differences
between song control regions (HVC and RA) across age- and
sex-classes we applied ANOVAs with age and sex as independent
variables using a general Linear Model procedure in separate
data sets for HVC volume, HVC neuron numbers, RA volume
and RA neuron numbers. RA data were log transformed.
For song development, we used a “split plot design” as the
basis for a “repeated measures across time design” to test for
the differences across time and between sexes. For this, song
duration, syllables repertoire and coefficient of variation of pitch
goodness were used as dependent variables (log transformed).
The effect of sex (male or female) is tested with respect to the
variation from bird to bird. The within subject effect (“age”
effect) is tested with respect to the variation from age to
age of the same bird. The within bird variability—reflected
in the residual error captured with sex nested within bird
[bird (sex)]—was an added effect to the model and assigned
as random attribute. For the neuroanatomical development
and the song development, after an overall F-test showed
significance, we used a Tukey’s post-hoc test with α = 0.05 to
evaluate differences between specific means. Data are given as
mean± SEM.
RESULTS
Song Development
Juvenile males and females started to utter their first song-like
vocalizations, so-called sub-songs around 30–40 dph (males: 32
± 4 dph; females 31 ± 5 dph). All animals, males and females,
developed the typical song of blue-capped cordon-bleus with an
increased pitch of syllables that are uttered toward the end of
the song (Figures 1A,F; Geberzahn and Gahr, 2011). This is best
seen when comparing the pitch of the first and the last syllable
of a given song and was already obvious at 50 dph in some songs
(Figure 1J). In the following we focus on song duration, syllable
repertoires and the CV of pitch goodness. As detailed below, in
general, male and female songs were similar during development,
even when they differed in adults.
We found a significant effect of age on song duration
[F(4, 64.65) = 9.998, p < 0.0001]. However, song duration
of blue-capped cordon-bleus was sexually dimorphic only in
adults (Figures 1, 2A; males 2497 ± 147ms; females 1750 ±
175ms; post-hoc: p = 0.0034). This sexual dimorphism emerged
due to the reduction in song duration in females during late
ontogeny resp. early adulthood (i.e., after 250 dph) (post-hoc
250 dph vs. adulthood: p = 0.0076) while song duration of males
did not change significantly after 250 dph (post-hoc 250 dph vs.
adulthood: p = 0.5591). Song duration of 100 dph females
(2842 ± 266ms) did not differ from that of 250 dph females
but differed significantly from that of adult females (post-
hoc: p = 0.0002) (Figure 2A). This was not the case for
100 dph males (post-hoc 100 dph vs. adulthood; p = 0.07)
(Figure 2A).
Cumulative curves of new syllable types plotted against the
number of syllables analyzed were visually checked (e.g., Leitner
et al., 2001; Geberzahn and Hultsch, 2003). The curves only
reached an asymptote in adults, 250 and 150 dph birds, indicating
that the amount of songs sampled was sufficient to cover the
syllable repertoire. At 100 dph, the curve reached only saturation
if we omitted the 15% of syllables that were not uttered a
second time in the analyzed songs. Thus, the repertoire of
100 day old males and females might be higher than that
reported in Figure 2B (see also Figure 1). At 50 dph, the syllable
repertoire was not measurable due to the fact that the syllables
were very variable and could not be assigned to syllable types
(Figures 1E,J). Since the analysis of additional singing events
of the 50-day birds did still not allow us assigning syllables to
syllable types, we did not further pursue the analysis of the
repertoire at this age.
For syllable repertoire, we found an effect of age [F(3, 42.15) =
82.25, p < 0.0001] and an interaction between sex and age
[F(3, 42.15) = 5.65, p = 0.0024]. In males, syllable repertoire size
dropped significantly from 100 to 150 dph (post-hoc: p = 0.0452),
from 150 to 250 dph (post-hoc: p = 0.0003) but not between
250 dph and adulthood (post-hoc: p = 0.08) (Figures 1, 2B). In
females, syllable repertoires decreased significantly between 150
and 250 dph, and between 250 dph and adulthood (both post-hoc
tests: p < 0.001). Syllable repertoire sizes differed significantly
between males and females only at adulthood (males = 18.1 ±
1.4 syllables; females = 10.9 ± 1.3 syllables; post-hoc p = 0.001)
(Figures 2B, 1). This was due to a stronger reduction of syllable
numbers in females as compared tomales, whichmight be related
to the sex-specific song duration of adults.
Despite the reduction of overt syllables of females after
250 dph, both sexes integrated considerable numbers of new
syllables (i.e., syllables not uttered before) in their repertoire
between 250 dph (Figures 1B,G) and adulthood (Figures 1A,F).
Thus, blue-capped cordon-bleus have a very long sensorimotor
learning period, much longer than that of zebra finches that last
about till 120 after hatching (Immelmann, 1969). In addition,
since our birds were moved to aviaries after 250 dph and
thus exposed to conspecifics not heard before, cordon-bleus
might have a much longer sensory song learning period than
zebra finches that last about till 70 after hatching (Immelmann,
1969). Since this extended period of song learning and plasticity
was unexpected, song development of young adult cordon-
bleus (after 250 dph) was not studied in detail (this study and
Geberzahn and Gahr, 2013) and we do not know yet till which
age cordon-bleus are able to modify their songs.
We measured the CV of pitch goodness only of 150, 250 dph,
and adult males and females, due to the problem of determining
the syllable repertoires of earlier ages (50 and 100 dph, see above).
We found an effect of age on the CV of pitch of goodness
[F(2, 25.86) = 58.63, p < 0.0001]. CV of pitch goodness decreased
during ontogeny in both sexes i.e., syllables’ harmonicity became
more stereotyped with age but significantly only after 250 dph
(post-hoc 250 dph vs. adulthood: p < 0.0001; Figure 2C).
However, we neither found an effect of sex in the development
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FIGURE 1 | Song development of a male (A–E) and a female (F–J) blue-capped cordon-bleu. Shown are sonograms of songs uttered at 50 (E,J), 100 (D,I),
150 (C,H), 250 dph (B,G), and in adulthood (A,F). Note that songs of the female and male change considerably even after 250 dph, i.e., in adulthood.
of CV of pitch goodness [F(1, 42.39) = 0.0467, p = 0.83] nor
an interaction between sex and age [F(2, 25.86) = 0.6449, p =
0.53]. Therefore, CV of pitch goodness did not differ significantly
between sexes in difference to a previous study (Geberzahn and
Gahr, 2011). The adult cordon-bleus of the present study were
4–5 years old and as such somewhat older than those studied
previously (mean ± SD, minimum: females: 860 ± 226, 534
days; males: 915 ± 228, 578 days) (Geberzahn and Gahr, 2011).
Thus, one possible explanation for this discrepancy between
studies is that females change their harmonicity during adult life.
Alternatively, stereotypy of harmonicity might strongly depend
on the composition of the syllable repertoires between cohorts of
cordon-bleus. In consequence of these contradictory results, we
shall not further discuss potential sex differences in harmonicity.
In summary, song development (song duration, syllable
repertoire size) of males and females was not sex-specific during
most part of their ontogeny (till 250 dph), i.e., sex differences
in song patterning emerged only during adulthood in this
species. Reproductive activity starts around 6–8 month (i.e.,
about 250 dph) in cordon-bleus.
Development of the Volume of the Song
Control Regions HVC and RA
HVC and RA volumes of males and females changed during
development [HVC: F(13, 56) = 18.87, p < 0.0001; RA: F(13, 57) =
24.37, p < 0.0001; Figures 3, 4, 5A,C]. For both nuclei, there
was a significant effect of age [HVC: F(6, 56) = 16.91, p < 0.001;
RA: F(6, 57) = 19.98, p < 0.0001] and of sex [HVC: F(1, 56) =
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FIGURE 2 | Sexually dimorphic development of song pattern of blue-capped cordon-bleus. Depicted are the developments of song duration (A), syllable
repertoire size (B), and of the harmonicity (CV of pitch goodness) (C). Note that song duration and syllable repertoire size develop similar in males (blue lines) and in
females (red lines) till 250 days of age and become sexually dimorphic (*P < 0.05) in adulthood. Data are presented as mean ± 1 SE.
FIGURE 3 | Nissl-stainings of HVC (arrows) of a 20-day male (A), an
adult male (C), a 20-day female (B), and an adult female (D)
blue-capped cordon bleu. Scale bar is 100µm.
16.20, p = 0.0002; RA: F(1, 57)= 14.83, p = 0.0003]. Further,
both nuclei changed similarly in males and females, i.e., there
was no interaction between age and sex [HVC: F(6, 56) = 1.05,
p = 0.4041; RA: F(6, 57) = 3.09; p = 0.3744]. In particular, HVC
and RA volumes of males were significantly larger than those
of females throughout all studied time-points (Figures 5A,C;
Tables 1A,B for p-values of all post-hoc pairwise-comparisons
between the sexes).
In males, HVC volumes of 20 dph birds were significantly
smaller than those of all other age classes, except the 30 dph
birds (Figure 5A; Table 1A for p-values of all post-hoc pairwise-
comparisons between age-groups reported below). Further, from
one studied developmental time-point to the next only the
HVC size of 30 to 50 dph differed significantly. In females,
HVC volumes of 20 dph were significantly smaller than those
of 50, 100, and 150 dph birds but similar to those of 250 dph
and adults. Only 100 dph females had significantly larger HVCs
than adults. In summary, male HVC increased in volume till
50 dph and decreased again toward adulthood. In females,
HVC increased in volume from 30 to 100 dph and decreased
significantly afterwards so that HVCs of older (250 dph and
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adults) females were similar in size to those of very young
females.
Likewise, RA volumes of males and females changed during
development (Figure 5C; see Table 1B for p-values of all post-hoc
pair-wise comparisons between age groups reported below). For
FIGURE 4 | Nissl-stainings of RA (arrows) of a 20-day male (A), an adult
male (C), a 20-day female (B), and an adult female (D) blue-capped
cordon bleu. Scale bar is 100µm.
the males, the RAs at 20 dph were significantly smaller than
those of all older birds. From one developmental time-point to
the next, the RA volume increased significantly from 20 to 30
and from 50 to 100 dph and decreased significantly from 100
to adulthood. In females, RA volumes increase significantly till
100 and 150 dph and then decreased till adulthood although
this was only significant between 100 dph and adulthood. At the
developmental peak of 100 dph, the RA volumes of males were
significantly larger compared to all other time-points, the RA
volumes of females were significantly larger than those of 20, 30,
50 dph and adult females.
The degrees of sexual dimorphism (female to male ratio of
mean volumes) of HVC and RA fluctuated between 0.7 and 0.5
during lifespan.
Development of HVC and RA Neuron
Numbers
To further study the sexual dimorphism and development of
HVC and RA we analyzed the neuron numbers of 20, 100 dph,
and adult females and males (Figures 5B,D, 6, Table 2). Neuron
numbers of male and female HVCs [F(5, 24) = 34.54, p < 0.0001]
changed during ontogeny with an effect of age [F(2, 24) = 53.
40, p < 0.0001] and of sex [F(1, 24) = 14.53, p = 0.0008]
but no interaction between sex and age [F(2, 24) = 1.33, p =
0.28] (Figure 5B, Table 2A for p-values of pair-wise comparisons
FIGURE 5 | The development of the HVC volume (A), HVC neuron numbers (B), RA volume (C), and RA neuron numbers (D) of female (red lines) and
male (blue lines) blue-capped cordon-bleus. HVC and RA volumes and neuron numbers are sexually dimorphic throughout ontogeny and in adulthood. For the
statistics of intra-sex comparisons see Tables 1, 2. Note the difference in scale between A and C, B and D. Data are presented as mean ± 1 SE.
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TABLE 1 | Comparisons of HVC (A) and RA (B) volumes of females and
males revealed by Tukey post-hoc tests.
Age 20dph 30dph 50dph 100dph 150dph 250dph Adult
(A) HVC VOLUMES
20dph 0.001 0.325 0.009 0.0001 0.001 0.070 0.259
30dph 0.997 <0.0001 0.679 0.002 0.218 0.923 1.00
50dph 0.003 0.017 0.002 0.084 0.964 1.00 0.567
100dph 0.0001 0.001 0.861 0.012 0.537 0.104 0.001
150dph 0.003 0.018 1.00 0.943 <0.0001 0.924 0.145
250dph 0.043 0.149 0.999 0.684 0.995 0.005 0.886
Adult 0.049 0.227 0.738 0.095 0.691 0.988 <0.0001
(B) RA VOLUMES
20dph 0.001 1.0 0.686 0.0001 0.050 0.107 0.749
30dph 0.0004 <0.0001 0.846 0.001 0.111 0.195 0.900
50dph 0.0001 0.987 0.001 0.018 0.703 0.810 1.00
100dph 0.0001 0.0001 0.003 0.001 0.545 0.599 0.005
150dph 0.0001 0.436 0.851 0.124 0.001 1.00 0.497
250dph 0.0001 0.622 0.939 0.146 1.00 0.01 0.648
Adult 0.005 1.00 0.887 0.0001 0.196 0.365 <0.0001
P-values of female-female comparisons are in light-gray, those of male-male comparisons
in dark-gray, and those of male-female comparisons are in the diagonal. Significant
P-values are in bold. dph, age in days post-hatching.
between time-points reported below). In both sexes, neuron
numbers increased significantly between 20 and 100 dph and
dropped significantly between 100 dph and adulthood, so that
adult HVC neuron numbers differed from those of 20 dph birds.
Similar, in RA, neuron numbers changed during development
[F(5, 18) = 21.74, p < 0.0001] with an effect of age [F(2, 18) =
15.59, p = 0.0001] and sex [F(1, 18) = 12.62, p = 0.0023]
but without interaction between age and sex [F(2,18) = 3.1,
p = 0.07] (Figure 5D, Table 2B for p-values of pair-wise
comparisons between time-points reported below). Hence, the
peak in neuron numbers at 100 dph of males and females
was significant. RA neuron numbers dropped significantly after
100 dph till adulthood so that neuron numbers of adult females
but not of adult males were similar to neuron numbers of 20 dph
juveniles (Figure 5D, Table 2B). Further, neuron numbers of
20-, 100-day, and adult HVC and RA were significantly higher
in males than females (Figures 5B,D; p < 0.0025 in all cases
[Tables 2A,B]).
DISCUSSION
Sexually Dimorphic Development of HVC
and RA does not Correlate with
Sex-specific Song Development
Blue-capped cordon-blues are representative of many tropical
and sub-tropical songbird species in which females sing regularly
throughout life and sing a species-typical song pattern that
is as well produced by their male conspecifics (for review:
Odom et al., 2014). Thus, this species is a perfect model to
study song and song system development of both males and
females in contrast to the zebra finch, in which only the male
is singing and in which song control areas are rudimentary in
females (Nottebohm and Arnold, 1976). Nevertheless, volume
and neuron numbers of forebrain song control regions HVC
and RA that are crucial for song development and production
are sexually dimorphic in adult blue-capped cordon-bleus, about
55 and 40% smaller, respectively, in females as compared to the
males consisting of about 50% less neurons. Since, song patterns
of adults (considering song duration and syllable repertoire
size) are sexually dimorphic (this study; Geberzahn and Gahr,
2011), one might suggest a positive correlation between the
neuroanatomy of the song system and sex differences in song. If
this assumption were correct, blue-capped cordon-bleus would
be similar to a group of species such as various wrens (e.g.,
Brenowitz et al., 1985; Brenowitz and Arnold, 1986; DeVoogd
et al., 1988), Northern cardinals (Cardinalis cardinalis; Jawor and
MacDougall-Shackleton, 2008; Yamaguchi, 1998), and starlings
(Sturnus vulgaris; Bernard et al., 1993; Hausberger et al., 1995) in
which small to medium sex differences in song pattern correlate
with small to medium sex differences in the morphology of
the song system. Sex-specific singing activity as the behavioral
correlate of the observed neuroanatomical differences between
male and female blue-capped cordon-bleus is unlikely since
both sexes are able to sing equally frequently after removal
of their mate (Geberzahn and Gahr, personal observation).
Further, works in streak-backed oriol (Icterus pustulatus) showed
that there is male-based sex difference in HVC morphology
although females out-sing males in this species (Illes and Yunes-
Jimenez, 2009; Hall et al., 2010). In the following, we discuss
the relation of song development and song system development
of males and females in order to validate the adult sexual
dimorphisms.
Most surprisingly, during development, (1) the sex
difference in the song system anatomy precedes the onset
of song production and (2) song development progresses
in a monomorphic way while the sexual neuroanatomical
dimorphism is evident throughout the ontogeny (HVC and RA
are 30–50% smaller in females than in males; Figures 5A,C)
of the song system. The sex-specific vocal features (syllable
repertoire, song duration) emerged only in adulthood. Thus, the
main explanatory challenge of the present data concerns that
female cordon-bleus develop their songs (that are comparable
with those of males) with much less (ca. 30–50% less HVC
and ca. 35–55% less RA) neurons than their male conspecifics.
Either HVC and RA neuron numbers are the limiting factor
for song development only in cases (females of certain species)
in which song neuron numbers are below a certain threshold
such as in the female zebra finch (Konishi and Akutagawa,
1985) and female Bengalese finches (Lonchura striata var.
domestica) (Tobari et al., 2005; Gahr, unpublished observation),
or female cordon-bleus differentiate song control circuits that
differ qualitatively from those of their male conspecifics. In
the first case, HVC and RA neuron numbers would be over-
produced in case of the males, which leads to the question of
evolutionary stability of this trait in light of developmental
costs (Gil and Gahr, 2002). However, the regression of the
size of HVC and RA neuron pools in the females of species
in which females do not sing makes this conclusion unlikely.
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FIGURE 6 | Neuron-specific (Hu+) labeling of HVC neurons. Hu-antibody labeling is red (A), cell nucleus (Dapi) labeling is blue (B,C). Double-labeled cells are
identified as neurons (B,C). (C) Shows a higher magnification view of (B). Arrows indicate the ventral borders of HVC. Scale bar is 100µm in A and B, and 40µm in C.
TABLE 2 | Comparisons of HVC (A) and RA (B) neuron numbers of females
and males revealed by Tukey post-hoc tests.
Age 20dph 100dph Adult
(A) HVC NEURON NUMBERS
20dph 0.0008 < 0.001 0.0189
100dph < 0.0001 0.0005 <0.0001
Adult < 0.0001 0.01 <0.0001
(B) RA NEURON NUMBERS
20dph 0.0023 0.0221 0.7640
100dph <0.0001 0.0005 0.0159
Adult 0.0132 0.0147 <0.001
P-values of female-female comparisons are in light-gray, those of male-male comparisons
in dark-gray, and those of male-female comparisons are in the diagonal. Significant
P-values are in bold. dph, age in days post-hatching.
Further (see below), both male and female cordon-bleus
regulate the size of the HVC neuron pool during development
(Figures 5B,D). Likewise, in species in which adult males and
females sing identical songs (Gahr et al., 2008) or very similar
songs (Gahr et al., 1998; Schwabl et al., 2015) or in which
females and subordinate males sing the same song (Voigt and
Gahr, 2011), there is nevertheless a strong sex difference of the
song system anatomy. As the most parsimonious explanation
we suggest that female cordon-bleus evolved HVC and RA
circuits that function differently from those of the males to
compensate for smaller song neuron pools in order to allow
sensorimotor learning and the production of learned songs.
Additional male-specific functions of HVC and RA next to
singing are currently unknown. For example, the control of
call exchanges by forebrain song areas (Ter Maat et al., 2014) is
not male-specific (Trost et al., unpublished data), and therefore
cannot account for the observed differences in HVC and RA
anatomy.
Developmental Mechanisms of HVC and
RA Size
Early sex difference in the number of song neurons preceding the
onset of song production might be a general feature of estrildid
finches (family Estrildidae) but not typical for other songbirds.
However, since it occurs as well in juvenile canaries (Gahr et al.,
1997), a species of the carduelid genus (family Fringillidae),
early ontogenetic sex difference of the song system is likely
an ancestral general songbird feature, due to the evolutionary
history of the songbird suborder, as suggested previously (Gahr
et al., 2008; Schwabl et al., 2015). In relation, sexually dimorphic
song control areas were found in all species studied in detail
(significant number of individuals) of various families of both the
Passerida lineage (e.g., Estrildidae: zebra finch, Nottebohm and
Arnold, 1976; Troglodytidae: bay wren,Thryothorus nigricapillus,
(Brenowitz and Arnold, 1986); Ploceidae: forest weaver, Ploceus
bicolor, Gahr et al., 2008); and the Corvida lineage (e.g., Corvidae:
large-billed crows, Corvus macrorhynchos, Wang et al., 2009;
Malaconotidae: slate-colored boubou, Laniarius funebris, Gahr
et al., 1998; Icteridae: streak-backed oriole, Icterus pustulatus,
Hall et al., 2010) of oscines as well as in the red-backed fairy
wren (Malurus melanocephalus, Schwabl et al., 2015) of the basal
oscine family Maluridae, according to the oscine phylogeny of
Barker et al. (2004). However, the study of sex differences of the
developing song system of further species with singing females,
in particular of the basal australo-asian oscine lineages would be
desirable.
Initial sex differences in the size of HVC and RA neuron
pools of zebra finches are likely genetically determined (Wade
and Arnold, 1996; Gahr et al., 1998; Agate et al., 2003) suggesting
a similar explanation for the early sex differences of cordon-
bleu song areas. The subsequent ontogenetic development of
the song system might be linked to gonadal hormone activity
although clear proof for this is missing in any songbird
species except for the observation that androgen receptors are
expressed in the developing HVC and RA (Gahr, 1996; Gahr
and Metzdorf, 1999; Jacobs et al., 1999; Kim et al., 2004)
and that estrogen receptors occur in the juvenile HVC (Gahr
and Konishi, 1988; Gahr, 1996). Gonadal hormones are likely
to promote the survival of song neurons to a developmental
stage that allows the intra-song system connectivity to form,
which is thought necessary for song learning and development.
Further, song system development of zebra finches, starlings,
and canaries is sensitive to pharmacological levels of testosterone
and its estrogenic metabolite 17β-estradiol (Gurney and Konishi,
1980; Gurney, 1981; Weichel et al., 1989; Casto and Ball,
1996). Since the overall development of HVC and RA of
male and female blue-capped cordon-bleu females was very
similar (Figures 5A,C), similar mechanisms are likely to
stimulate the increase and decrease in size of these brain
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areas during ontogenetic stages of males and females. It is,
however, unlikely that the developing ovary would secret
elevated testosterone levels, which in turn could facilitate song
system differentiation of the females. For e.g., at 100 dph,
HVC of female cordon bleus reached a size similar to
that of adult males. Thus, the mechanisms controlling the
developing song system of females (and males) need further
investigations.
On the cellular level, changes of HVC and RA volume
might be due to a combination of different forms of plasticity:
neurogenesis, gliogenesis, dendritic sprouting, myelination,
vascularization, synapse forming, pruning (synaptic, axonal),
cell death (neurons, glia, endothelial cells), and regression
(dendrites, vessels, glia) (for review: Stiles and Jernigan, 2010;
Anderson, 2011). Of these, we estimated neuron numbers as
a factor underlying developmental volumetric changes of HVC
and RA of male and female cordon-bleus. The increase of
HVC volume from 20 to 100 dph involved a strong increase
in neuron numbers. In relation, protracted neurogenesis is a
general event of the postnatal birdbrain (males and females) and
recruitment of considerable numbers of new HVC neurons has
been demonstrated during development of the HVC of male
zebra finch (Kirn and DeVoogd, 1989; Kirn, 2010). Although
only shown for males, it is conceivable that recruitment of
newly born neurons occurs in both male and female HVC
during post-hatching life, next to spreading out of early born
HVC neurons (Gahr and Metzdorf, 1999). After 100 dph, the
decline of HVC size of the females correlates with the reduction
of HVC neuron numbers (Figures 5A,B), however, in males,
HVC neuron numbers decline without changes of HVC size
(Figures 5C,D).
In case of RA, there is a correlation between neuron number
development and volume development in males and females. In
zebra finches, most RA neurons are born before/around hatching
and post-hatching neurogenesis seems to exclude the arcopallium
(in which RA forms) of songbirds (Konishi and Akutagawa, 1990;
Vellema et al., 2010). Since neuron numbers of cordon-bleus’ RA
increased after 20 dph, a large number of these neurons must be
born much later as compared to the zebra finch, which might be
plausible in light of the much longer ontogeny of the cordon-
bleus (this study) as compared to the zebra finch (Immelmann,
1969; Konishi and Akutagawa, 1988). Alternatively, early born
neurons might differentiate into RA neurons at a late time point.
Thus, we need to consider that delineation problems of the brain
areas (Gahr, 1990, 1997), i.e., the recognition of the outlines of
RA (as well as of HVC for this argument)might have considerable
effects on the estimated neuron numbers particularly in very
young males and females.
However, future studies are needed to monitor various forms
of plasticity, in particular neurogenesis and apoptosis, dendritic
arborization, and gliogenesis, to confirm and extend the above
considerations explaining the developmental change of HVC and
RA volume of female and male blue-capped cordon-bleus. A
future detailed study of the hormonal profiles of developing male
and female cordon-bleus might show if gonadal hormones are
important for sex-specific development of the song system in this
species.
What are the Behavioral Consequences of
the Increase and Decrease of HVC and RA
Volume, Respectively Neuron Numbers of
Male and Female Blue-capped
Cordon-bleus?
Since we suggested above that the HVC and RA circuits of males
and females function in a sex-specific way, we do not consider
sexual dimorphisms in volume and neuron numbers for this
discussion, i.e., we focus on the relationship of developmental
changes of brain and song behavior. In either sex, the increase
of volume of HVC and RA between 20 and 100 dph (and
of HVC neuron numbers) might correlate with a reduced
variability in singing that is reflected in recurring syllables, i.e.,
a measurable syllable repertoire at 100 dph (Figures 1, 2A,B,
5). Further, around this age the animals might produce the
largest number of different syllable sequences although this could
not be quantified due to insufficient syllable stereotypy earlier
on. Thus, the increase of HVC and RA size till 100 dph might
correlate with the production of an increased number of motor
patterns. Although these syllables have a level of stereotypy
that allows their classification, this stereotypy is certainly lower
compared to songs uttered by older females andmales (Figures 1,
2C). Between 100 dph and adulthood syllable numbers decrease
in both sexes, the stereotypy of syllable harmonicity increases
in both sexes, and song duration decreases in females. We
could view these song developments as increased stereotypy and
decreased number of motor pattern that emerges in relation
with decreasing HVC volumes (females) and RA volumes (males
and females) of cordon-bleus. Further, increased stereotypy
and decreased number of motor pattern would correlate with
decreasing numbers of neurons of HVC and RA after 100. A
decreasing rate of adult neurogenesis and newly recruited HVC
neurons was thought to correlate with increasing stereotypy of
the song of male zebra finches (Pytte et al., 2007).
A relationship of the anatomical development of forebrain
song control areas and of song learning has been hypothesized
before based on male zebra finches and male canaries (for review:
Kirn, 2010). However, as detailed above, in the cordon-bleus
a causal relationship between anatomical changes of HVC and
RA and song development would be area- and sex-specific.
Alternatively, such complicated relationships might indicate
that—like in human brain and cognitive development (Stiles and
Jernigan, 2010)—the maturation and deterioration of specific
brain regions is an insufficient explanatory mechanism for song
development of birds. Further, late developmental changes of
the syllable repertoire in female cordon-bleus show that females
do not just lose syllables but seem to acquire new syllables
and replace old ones at late puberty/early adulthood (Figure 1).
Likewise, male cordon-bleus change their repertoire very late
(after 250 dph) at an age when the size of vocal areas already
reached adult size. Thus, sexual selection or the need for social
song adjustment rather than brain autonomous maturation
processes might play a role for the decrease in repertoire
size and song duration in female cordon-bleus and for the
change of repertoire composition in both males and females,
independent of gross morphological changes. On more ultimate
Frontiers in Ecology and Evolution | www.frontiersin.org 10 October 2015 | Volume 3 | Article 117
Lobato et al. Song and song system development of females
terms, developmental overproduction of song patterns followed
by repertoire attrition has been described for several species
and has been interpreted in the context of social adjustments
of repertoires (e.g., Marler and Peters, 1982; Nelson, 1992;
Geberzahn et al., 2002). Future long-term monitoring of cordon-
bleus shall show if females and males of this species classify as
open-ended vocal learners in contrast to other Estrildid finches
such as the zebra finch.
CONCLUSION
In summary, the comparative study of song system development
and song development of the blue-capped cordon-bleus, a species
in which males and females sing learned songs sheds new light on
the potential relationships between these processes. In particular,
sex-specific song system development seems not strictly related
to sex-specific song development. This suggests that medium
to small sex differences in the phenotype of the song system
are not predictive concerning the degree of song monomorphy
of songbirds. The study of further species in which males and
females sing very similar songs (Odom et al., 2014) should show
if the dissociation of neuroanatomical and song development is a
general feature of songbirds.
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